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ABSTRACT
Chromatin distribution is not uniform along the hu-
man genome. In most genes there is a promoter-
associated nucleosome free region (NFR) followed
by an array of nucleosomes towards the gene body
in which the first (+1) nucleosome is strongly po-
sitioned. The function of this characteristic chro-
matin distribution in transcription is not fully un-
derstood. Here we show in vivo that the +1 nucle-
osome plays a role in modulating RNA polymerase II
(RNAPII) promoter-proximal pausing. When a +1 nu-
cleosome is strongly positioned, elongating RNAPII
has a tendency to stall at the promoter-proximal re-
gion, recruits more negative elongation factor (NELF)
and produces less mRNA. The nucleosome-induced
pause favors pre-mRNA quality control by promoting
the addition of the cap to the nascent RNA. Moreover,
the uncapped RNAs produced in the absence of a po-
sitioned nucleosome are degraded by the 5′-3′ exonu-
clease XRN2. Interestingly, reducing the levels of the
chromatin remodeler ISWI factor SNF2H decreases
+1 nucleosome positioning and increases RNAPII
pause release. This work demonstrates a function for
+1 nucleosome in regulation of transcription elonga-
tion, pre-mRNA processing and gene expression.
INTRODUCTION
The nucleosome is the basic repeating unit of chromatin.
Studies analyzing genome-wide nucleosome positioning
have revealed that the distribution of nucleosomes across
the eukaryotic genomes is not uniform; while promoters are
normally nucleosome-depleted, an array of well-positioned
nucleosomes is normally found downstream of the tran-
scription start sites (TSS) (1). The +1 nucleosome inside the
gene bodies displays the most fixed position, while the sub-
sequent nucleosomes show a gradual decrease in position-
ing. Several factors including DNA sequence, DNA bind-
ing factors, chromatin remodelers and the transcriptionma-
chinery seem to determine nucleosome positioning (1,2).
The impact of this characteristic nucleosomal distribution
along the genes on the different steps of transcription is still
not clear.
After transcription initiation, RNAPII pauses between
the promoter and the +1 nucleosome. This phenomenon
was originally discovered in Drosophila for the Hsp70 gene
and later for the human MYC and FOS genes (3–5). Re-
cently, the so-called promoter-proximal pausing has been
demonstrated to be common for most metazoan genes (6,7)
although the mechanism promoting the pause is not yet
fully understood. Different factors are able to influence
RNAPII promoter-proximal pausing including transcrip-
tion elongation factors, DNA sequence at promoter and
pause site, and chromatin environment (8).
Negative elongation factor (NELF) and DRB (5,6-
Dichloro-1-ß-D-ribofuranosylbenzimidazole) sensitivity
inducing factor (DSIF) are the main complexes determin-
ing RNAPII promoter-proximal pause. They associate
with RNAPII and decrease elongation efficiency through
unknown mechanisms (9). Pause release into productive
elongation is triggered by the kinase P-TEFb (positive
transcription elongation factor b) that phosphorylates
Serine-2 of the RNAPII CTD (carboxy-terminal domain)
as well as DSIF and NELF. Phosphorylation promotes
dissociation of NELF and a change in DSIF activity that
lets the RNAPII continue elongating (10–12). The DNA
sequence at promoter and pause site has also been demon-
strated to be important for pausing. Early studies showed
that the DNA sequences of promoter and 5´-end of the
MYC gene are essential for the RNAPII to stall near the
promoter (4). Recent genome-wide studies have confirmed
that strong core promoter elements determine position and
strength of pausing (7). Finally, +1 nucleosome positioning
has been suggested to influence promoter-proximal pausing
although its contribution seems to be context dependent
(13,14). It is also well demonstrated both in vitro and in vivo
that nucleosomes constitute an obstacle for transcription
elongation by RNAPII (15–17).
In this study we show that promoter-proximal paus-
ing increases when a +1 nucleosome is strongly positioned
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in vivo. This nucleosome-induced pausing is NELF de-
pendent and improves pre-mRNA capping. We also show
that down regulation of the chromatin remodeling factor
SNF2H, which it is known that affects positioning of nu-
cleosomes on gene bodies, decreases +1 nucleosome posi-
tioning and increases RNAPII pause release. Therefore, our
results strongly support the idea of the +1 nucleosome hav-
ing a role in promoter-proximal pausing.
MATERIALS AND METHODS
Cell lines, plasmids and cell cultures
Construction of plasmids pMC100 (pcDNA5/FRTc-Myc-
601R), pMC101 (pcDNA5/FRTc-Myc-5SF), pMC102
(pcDNA5/FRTc-Myc-5SR), pSJ220 (pcDNA5/FRTc-
Myc-C), pSJ222 (pcDNA5/FRTc-Myc-601F), pSJ227
(pcDNA5/FRTc-Myc-wt), pSJ221 (pcDNA5/FRTc-Myc-
C (+32)) and pSJ223 (pcDNA5/FRTc-Myc-601F (+32))
was done by conventional methods. To avoid initiation
from different promoters CMV promoter was removed
from the plasmid pcDNA5/FRT prior c-Myc insertion.
The c-Myc gene was subcloned from the plasmid pSV2gpt-
c-Myc (kindly provided by Hodaka Fujii). Stable cell lines
were created using HEK 293T Flp-In cells (Invitrogen)
following the manufacturer’s protocol. Clones were selected
in Dulbecco’s modified Eagle’s medium (DMEM) media
supplemented with 200g/ml Hygromycin B (Roche) and
integration was checked by the loss of ß-galactosidase
activity and active expression of mouse c-Myc gene.
siRNA transfections
Cells were seeded in DMEM (PAA) -Hygromycin medium.
Twenty-four hours later the growth medium was changed
to Opti-MEM (Gibco) and cells were transfected with
siRNA to a final concentration of 150nM using Oligofec-
tamin (Invitrogen) according to the manufacturer’s pro-
tocol. Growth medium was again changed 4 h later to
DMEM-Hygromycin and cells were incubated 72 h until be-
ing harvested for later analysis. siRNA sequences are listed
in Supplementary Table S1.
Nucleosome mapping
Micrococcal nuclease assay was performed as previously
described (16). Cells were seeded in DMEM-Hygromycin
and harvested 3 days later. The pellet was resuspended in
buffer A (10 mM Tris-HCl pH 7.4, 10 mM NaCl, 3 mM
MgCl2, 0.3 M sucrose) plus 0.2% of NP-40 and incubated
for 10 min at 4oC. Nuclei were obtained after centrifugation
and digested with 2 units of MNase (Sigma) per 4 million
of nuclei for 3 min at room temperature in buffer A sup-
plemented with 10 mM CaCl2. Naked DNA was digested
with 0.1 units of MNase. After DNA purification, samples
were run on a 1.2% agarose gel and the band correspond-
ing to mononucleosome size (∼150 bp) was excised. DNA
was subsequently purified through a MEGAquick-spin To-
tal Fragment DNA Purification Kit (iNtRON Biotechnol-
ogy). Equal amounts of DNA were used as a template for
qPCR. In order to suppress signal bias due toMNase cleav-
age preferences the qPCR signals from mononucleosomal
DNA were normalized to the signals obtained from naked
DNA. Primers used are listed in Supplementary Table S1.
RNA analysis
Total RNA was isolated with the RNeasy kit from Qiagen
following the manufacturer’s instructions. One microgram
of RNAwas treated withDNase I (Roche) and reverse tran-
scription reactions were done using the Superscript First
Strand Synthesis System (Invitrogen). cDNA was quanti-
fied by qPCRwith the Applied Biosystems 7500 FASTReal
Time System using Maxima SYBR/ROX master mix (2X)
from Thermo Fisher Scientific. Primers used are described
in Supplementary Table S1. Values were normalized to the
expression of GAPDH housekeeping gene.
Nuclear run-on
Nuclear run-on assay was performed according to Patrone
et al. with some modifications (18). 30–50 x106 cells were
harvested and washed twice with phosphate buffered saline.
The pellet was resuspended in 4 ml cell lysis buffer (10 mM
Tris-HCl, pH 7.4, 3 mM MgCl2, 10 mM NaCl, 150 mM
sucrose and 0.5% NP40) and incubated on ice for 5 min.
Nuclei were then collected by centrifugation and washed
with cell lysis buffer without NP40. The resulting pellet was
resuspended in 100 l freezing buffer (50 mM Tris-HCl
pH 8.3, 40% glicerol, 5mM MgCl2 and 0.1 mM EDTA),
mixedwith an equal volume ofReaction buffer (10mMTris-
HCl pH 8.0, 5 mM MgCl2, 1 mM DTT, 300 mM KCl,
20 Units of RNasin (Invitrogen), 1% sarkosyl and 1 mM
ATP, CTP, GTP) and then 8 l biotin-16-UTP (from 10
mM tetralithium salt; Roche) was added. The reaction was
incubated for 5 min at 29oC, followed by the addition of
23 l of 10x DNaseI buffer and 10 l RNase free DNase
I (Promega). Background was measured with a reaction
where biotin-16-UTP was replaced by UTP. Proteins were
digested by addition of an equal volume of Buffer S (20
mM Tris-HCl pH 7.4, 2% SDS, 10 mM EDTA, 200 g/ml
Proteinase K (Sigma)), followed by incubation at 55oC for
1 h. RNA was then purified and resuspended in 50 l of
RNase-free water. 50 l of Dynabeads M-280 (Invitrogen)
resuspended in binding buffer (10 mM Tris-HCl, pH 7.5, 1
mM EDTA and 2MNaCl) were added to an equal volume
of run-on RNA and incubated 20 min at 42oC and 2 h at
room temperature. Beads were then washed twice with 500
l 15% formamide and 2X SSC for 15 min, followed by a 5-
min washing in 1 ml 2x SSC. Beads were then resuspended
in 30 l RNase-free water and stored at -20oC. cDNA syn-
thesis was carried out using 8 l of RNA-containing beads,
random hexamers and SuperScript III (Invitrogen). qPCR
was performed as described above. Values from each re-
gion were normalized to ribosomal RNA levels (28S) and
background was subtracted. Primers are described in Sup-
plementary Table S1. Average and standard deviation were
calculated from three independent experiments.
RNA-Cap immunoprecipitation
Cap immunoselection was performed as previ-
ously described (19). Ten micrograms of anti-2,2,7-
trimethylguanosine mouse K121 antibody (Calbiochem)
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were incubated with 50 l of anti-Mouse Dynabeads
(Invitrogen) to immunoprecipitate capped RNA from
2 g of total RNA. A control without antibodies was
processed for each sample. cDNA produced from the
immunoprecipitated RNA (RNA-IP) and input samples
(RNA-Input) were quantified by RT-qPCR as described
above. Values from RNA-IP were normalized to data from
RNA-Input and, subsequently, the results obtained were
normalized to the level of GAPDH gene mRNA. Primers
to detect pre-mRNA (ChIP c-Myc +532) amplify a region
inside intron 1 and primers to detect mature mRNA (ChIP
c-Myc +2007) amplify inside exon 2 (see supplementary
Table S1). Average and standard deviation were calculated
from three independent experiments.
ChIP analysis and antibodies
ChIP experiments were carried out as previously described
(16). Cells were treated with 1% formaldehyde for 15 min
at 37oC for crosslinking. Immunoprecipitations (IPs) were
performed using the following reagents: Total RNAPII:
Dynabeads Protein A (Invitrogen) and rabbit polyclonal
anti-RPB1 N-20 (Santa Cruz); RPB1 CTD-Ser5P: Dyn-
abeads Protein G (Invitrogen) and anti-RNA polymerase
II (phospho-CTD-Ser5) antibody clone 3E8 (Millipore);
NELF-E: Dynabeads Protein A (Invitrogen) and rabbit
polyclonal anti-NELF-E (Santa Cruz). Primers used are
listed in Supplementary Table S1.
Antibodies used for Western blotting are rabbit poly-
clonal anti-NELF-E (sc-32912, Santa Cruz Biotech.), rab-
bit polyclonal anti-SNF2H (A301–017A, Bethyl), mouse
monoclonal anti--Tubulin and, as secondary antibodies,
anti-Rabbit IgG peroxidase conjugate (Sigma) and anti-
Mouse IgG peroxidase conjugate (Sigma).
RESULTS
An in vivo system to study the influence of +1 nucleosome on
promoter-proximal pausing
To address the role of +1 nucleosome in promoter-proximal
pausing we inserted two different sequences (5S and 601)
having the capability to strongly position a nucleosome in
vitro (20–22), or a control sequence, with lower affinity for
nucleosome binding, in the region immediately downstream
of the RNAPII pause site corresponding to the +1 nucleo-
some of the mouse c-Myc gene. The control sequence corre-
sponds to a 163 bp long region of theACTB gene (exon5) in
which nucleosome positioning predictions regarding its se-
quence indicate a low affinity for nucleosome binding (23).
Krumm et al. demonstrated that the sequence upstream po-
sition +47 is sufficient to confer promoter proximal paus-
ing in c-Myc gene (4). For this reason we decided to in-
sert 601, 5S and control sequences at position +51. The
strength of 601 nucleosomal barrier in vitro depends on
its orientation, being the forward orientation stronger than
the reverse orientation (15). Trying to obtain different de-
grees of in vivo positioning, 601 and 5S sequences were in-
serted in either forward or reverse orientation creating the
c-Myc-5SF, c-Myc-5SR, c-Myc-601F, c-Myc-601R and c-
Myc-C constructs (Figure 1A). In order to compare the ex-
treme positioning scenarios with the wild type (wt) situa-
tion, a construct with the wt mouse c-Myc gene was also
created (c-Myc-wt). Recombinant genes were subsequently
integrated site-specifically into HEK293 Flp-In T-Rex hu-
man cells. This strategy allowed us to analyze the behavior
of the mouse c-Myc transgenes without interference from
the human allele. Using a micrococcal nuclease (MNase)
sensitivity assay a better positioned +1 nucleosome was de-
tected in all constructs with a positioning sequence, espe-
cially in c-Myc-5SR and c-Myc-601F, while the control se-
quence (c-Myc-C) only led to a fuzzy localization of the first
nucleosome (Figure 1B). Importantly, both controls c-Myc-
C and c-Myc-wt showed very similarMNase sensitivity pat-
terns. To study the influence of nucleosome positioning in
RNAPII promoter-proximal pausing we performed chro-
matin immunoprecipitation (ChIP) of the RNAPII largest
subunit, RPB1, and amplicons at promoter, pause site and
intragenic positions of themouse c-Myc gene were analyzed
(Figure 2A). In all four genes with a positioned +1 nucleo-
some the level of RNAPII at promoter and pause site was
higher compared to the control genes, both c-Myc-C and
c-Myc-wt (Figure 2B), indicating an accumulation of poly-
merases near the promoter when the +1 nucleosome is well
positioned. The CTD of promoter-proximally paused poly-
merases is phosphorylated in Ser5 (Ser5-P) (24). Since we
used an antibody recognizing total RPB1 (N20) we could
not distinguish whether those polymerases detected in the
ChIP assay were initiating (CTD hypophosphorylated) or
paused (CTD Ser5-phosphorylated). To answer this ques-
tion ChIPs using 3E8 antibody recognizing Ser5-P epitopes
(25) were carried out. In this case, a two-fold increase of
Ser5-P RNAPII was detected at the pause region in c-Myc-
5SF, c-Myc-5SR and c-Myc-601F (Figure 2C) when com-
pared to c-Myc-C, suggesting that the positioned nucleo-
somes 601 and 5S increase the amount of transcriptionally
engaged paused RNAPII. Again, c-Myc-C and c-Myc-wt
display a very similar Ser5- phosphorylated RPB1 pattern.
Surprisingly, the c-Myc-601R transgene, most probably due
to the orientation of the 601 sequence, did not accumulate
more paused RNAPII than the controls, suggesting that, in
this case, at least part of RNAPII are still hypophosphory-
lated (Figure 2C).
Promoter-proximal pausing is a rate-limiting step for
gene expression. For this reason, we decided to examine by
RT-qPCR the impact of different nucleosome positioning at
the c-Myc 5′ end on mRNA production. In agreement with
RNAPII ChIP results, mRNA levels produced by the genes
with a positioned nucleosome were reduced by half, when
compared to the control construct (Figure 2D). A time
course after inhibiting transcription elongation with DRB
revealed that differences in mRNA accumulation could not
be explained by a faster c-Myc-601F mRNA degradation
(Supplementary Figure S1). Interestingly, c-Myc-wt cell line
accumulated 80%more mRNA than c-Myc-C, result that is
consistent with having a weak +1 nucleosome positioning
(Figure 1B) and with the low levels of total RNAPII ac-
cumulated at its promoter (Figure 2B). However, c-Myc-wt
expression is higher than expected attending to its pausing
level probably due to the fact that having a different 5′-UTR
structure than the other constructs could affect mRNA sta-
bility. For this reason we decided that c-Myc-C should be
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Figure 1. Nucleosome mapping of constructs with different integrated sequences downstream the pause site of the mouse c-Myc. (A) Schematic represen-
tation of promoter and exon 1 of the mouse c-Myc gene showing the position in which 601, 5S or control (C) sequences were inserted. 601 and 5S were
cloned in two different orientations. Distances (bp) of pause region and insertions from the transcription start site (TSS) are indicated below the gene.
(B) Micrococcal nuclease mapping of promoter and 5′ region of the mouse c-Myc gene in the indicated cell lines. Cells were processed either for nuclei
isolation or for DNA extraction and then samples were subjected to MNase digestion. Values represented correspond to the ratio between qPCR signals
from chromatin samples and signals from nakedDNA samples. Each value is located regarding the midpoint of the amplicon with respect to the TSS. Lines
under the graphs denote locations of amplicons for qPCR analysis. c-Myc-C specific amplicons are represented as dotted lines and the rest are represented
as black lines. Primer sequences are listed in Supplementary Table S1. Average and standard deviations from three independent experiments are displayed.
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Figure 2. Increased promoter-proximal RNAPII stalling under a strong +1 nucleosome positioning. (A) Schematic drawing of locations of amplicons used
for ChIP and RT-qPCR experiments. This map is the same as the one in Figure 1A but at a different scale. The name of the amplicon indicates its midpoint
position from the TSS (P2). Primer sequences are listed in Supplementary Table S1. (B and C) RNAPII ChIP analysis of mouse c-Myc in the indicated cell
lines. Total RPB1 or Ser5 phosphorylated form of RPB1 were immunoprecipitated using N-20 (B) or 3E8 (C) antibodies, respectively. ChIP values were
normalized to the values at−947 position. (D) c-MycmRNA levels measured by RT-qPCR using the primers ChIP c-Myc-2007 (Supplementary Table S1).
Values were normalized to GAPDH amplification and c-Myc-C signal was set to 1. c-Myc-wtmRNA levels are shown in a different scale. (B–D). Average
and standard deviations from three independent experiments are displayed. P-values (student’s t-test) for the different constructs comparing to c-Myc-C
are indicated.
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the most accurate control as it contains an insertion with
similar size and at the same position than c-Myc-601 and
c-Myc-5S constructs. In order to test an independent in-
sertion point at the 5´-end of c-Myc, 601F and control se-
quences were also inserted at position +32 and stable cell
lines were generated. Increased Ser5-P RNAPII occupancy
and decreased mRNA production were also observed for
c-Myc-601F (+32) gene compared to the c-Myc-C (+32)
gene (Supplementary Figure S2A–C).
In order to study the transcriptional activity of promoter-
proximally accumulated RNAPII we decided to perform
nuclear run-on.With this method transcriptionally engaged
polymerases are allowed to elongate approximately 100 nu-
cleotides in the presence of biotin-16-UTP. The newly syn-
thesized RNA is then mapped with several overlapping
amplicons obtaining a pattern of run-on signal, which re-
flects the amount of active polymerases in the region ana-
lyzed. Interestingly, the three transgenes with a higher Ser5-
P RNAPII occupancy c-Myc-5SF, c-Myc-5SR and c-Myc-
601F, showed a sharped run-on peak near the promoter in-
dicating that paused polymerases around position +50 in
those genes are transcriptionally active (Figure 3). From
these genes c-Myc-601F followed by c-Myc-5SR have the
highest run-on signal, being also the ones with better +1
nucleosome positioning (Figure 1). c-Myc-601R produced
a lower run-on peak indicating that most polymerases ac-
cumulated near the promoter in this gene are transcription-
ally inactive, result that is consistent with its Ser5-P ChIP
profile (Figure 2C). In contrast to the transgenes contain-
ing positioning sequences, c-Myc-C and c-Myc-wt run-on
signal spreads towards the gene body (Figure 3). This can
be due to a more downstream pause or several pause po-
sitions. Most paused polymerases at human MYC gene, in
its natural context, were mapped with precision by perman-
ganate footprinting around position +30 (4) and by nuclear
run-on between position +50 and +100 from the promoter
P2 (4,26). Different cell type, run-on incubation time or ori-
gin of the c-Myc gene (mouse versus human) may explain
these differences. However, being an artificial system, it is
also possible that the construct or the non-natural locus
where it is integrated have perturbed the normal pausing at
c-Myc-wt. As c-Myc-601F gene shows themost dramatic ef-
fects in the micrococcal nuclease assay, RNAPII ChIP data
and nuclear run-on assays when it is compared to c-Myc-
C gene, we decided to continue the study with the two cell
lines harboring those constructs.
Recent results indicate that NELF is required to increase
stability of paused RNAPII (27). If stalled polymerases
detected in our experiments were subjected to promoter-
proximal pausing, knocking down NELF would decrease
its accumulation in the vicinity of the promoter. To test this
idea, we decreasedNELF levels treating the cells either with
NELF-E siRNA or luciferase siRNA as a negative con-
trol (Supplementary Figure S3A and B) and RPB1 ChIP
was performed under these conditions. We found a signif-
icant reduction in RNAPII accumulation at pause site in
NELF-depleted cells, being the effect more acute in the 601-
containing gene (Figure 4A, compare upper and bottom
panels). In agreement with RPB1 ChIP, mRNA production
was increased underNELFdepletion: 25% for c-Myc-C and
80% for c-Myc-601F (Figure 4B). Interestingly, the binding
of NELF to the chromatin measured byNELF-E ChIP was
increased in c-Myc-601F compared to the control gene (Fig-
ure 4C). Hence, we conclude that the transcriptional pause
induced by a positioned +1 nucleosome is, at least partially,
NELF dependent.
Increased pre-mRNA capping when the +1 nucleosome is
strongly positioned
It has been suggested that the pause of the RNAPII shortly
after initiating transcription is required to guarantee cor-
rect 5′ pre-mRNA processing. In fact, Spt5 has been re-
ported to interact with capping enzymes (28–30) and its
downregulation affects pre-mRNA capping of some genes
(31). Since the positioned nucleosome in our system was
able to increase the RNAPII promoter-proximal pause, we
decided to study the influence of that chromatin structure
on mRNA capping. To this end, we performed cap im-
munoprecipitation experiments employing the K-121 anti-
body, recognizing the 7-methylguanosine-cap structure of
mRNAs (32,33). Interestingly, the amounts of c-Myc-601F
capped pre-mRNAs (amplicon +532 located at intron 1)
were markedly increased when compared to the control.
A less dramatic effect is observed for c-Myc mRNAs (am-
plicon +2007 located at exon 2) (Figure 5A), probably be-
cause of RNA degradation machineries reducing the levels
of uncappedmRNAs. In contrast, levels of cappedGAPDH
mRNA used for normalization remained unchanged in
both cell lines. These findings suggest that the +1 nucleo-
some positioning can play a role in pre-mRNA quality con-
trol by ensuring correct 5′ pre-mRNA capping, probably
through the increase of RNAPII promoter-proximal paus-
ing.
The yeast 5′-3′ exonuclease Rat1p degrades co-
transcriptionally uncapped pre-mRNAs as a quality
control mechanism (19), and its homolog XRN2 has
been implicated in premature transcription termination
in human cells (34,35). Since c-Myc-C cell line produces
more uncapped c-Myc pre-mRNA, we decided to check
if XRN2 was able to degrade preferentially c-Myc-C
pre-mRNAs. To do so, we reduced XRN2 levels using
a siRNA (Supplementary Figure S4) and we checked if
c-Myc-C RNA degradation was abolished. To analyze
the specificity in the effect of such degradation, we also
knocked down the mayor 5′-3′ exonuclease involved in
mRNA decay, XRN1 (Supplementary Figure S4). Interest-
ingly, levels of c-Myc-C pre-mRNAs increased when XRN2
was downregulated while no differences were observed
in c-Myc-601F pre-mRNAs under the same conditions
(Figure 5B, upper panel), suggesting that the uncapped
c-Myc-C pre-mRNAs are degraded by XRN2. XRN1
knockdown did not change pre-mRNA levels of any of the
genes. When analyzing c-Myc mRNAs, a general increase
was observed for the two constructs in both XRN1 and
XRN2 knockdown conditions, probably due to different
effects of the absence of those factors on transcription
or degradation (Figure 5B, bottom panel). We conclude
that a poorly positioned +1 nucleosome triggers a fail in
pre-mRNA capping, partially solved by 5′-3′ exonuclease
XRN2 pre-mRNA degradation.
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Figure 3. Increased promoter-proximally paused polymerases under a strongly positioned+1 nucleosome.Nuclear run-on assay based on the incorporation
of biotin-16-UTP in nascent transcripts of the mouse c-Myc gene in the indicated cell lines is represented. Each position indicates the midpoint of each
amplicon used with respect to the TSS. Values are normalized to the ribosomal RNA 28S run-on signal and background from a control sample treated with
UTP (without biotin) was subtracted. Primer sequences are listed in Supplementary Table S1. Average and standard deviations from three independent
experiments are displayed.
The Imitation SWItch (ISWI) nucleosome remodeling factor
SNF2H is implicated in +1 nucleosome positioning
Chromatin-remodeling complexes induce nucleosome
movements via ATP-dependent alterations of histone-
DNA contacts (36–39). ATP trans-acting factors are
required for a biochemical reconstitution of proper nucle-
osome positioning and spacing across the 5′ ends of most
yeast genes (40). ISWI remodelers have been related to the
movement of nucleosomes toward the linker DNA helping
to equally space nucleosomes in an array (41–45). Based
on the previously published data, we wondered whether
the human ISWI chromatin remodelers, SNF2H (also
called SMARCA5) and SNF2L (also called SMARCA1),
were implicated in +1 nucleosome positioning and, there-
fore, in promoter-proximal pausing. To this end, cells
were treated with siRNAs against SNF2H and SNF2L
(Supplementary Figure S5) and c-Myc-C or c-Myc-601F
mRNA steady state levels were measured under these
conditions. Surprisingly, SNF2H depletion rescued the
effect of the 601 sequence on c-Myc mRNA production;
c-Myc-601F-containing cells showed similar c-MycmRNA
accumulation to c-Myc-C cells (Figure 6A). However, no
effect was observed when SNF2Lwas downregulated. Total
RPB1 ChIP experiments revealed that less polymerases
were paused upstream the 601 nucleosome under SNF2H
depletion conditions (Figure 6B, right panel) while for the
c-Myc-C gene no differences were detected at the pause
site (Figure 6B, left panel). Hence, SNF2H promotes
RNAPII promoter-proximal pausing when the sequence
downstream the pause site has affinity for a nucleosome. In
order to analyze if chromatin remodeling was responsible
for the changes in RNAPII pausing, we knocked down
SNF2H and, subsequently, chromatin distribution at the
5′ end of c-Myc-C and c-Myc-601F genes was examined.
We detected a slightly more extended MNase protection
in c-Myc-C locus (Figure 6C, left panel); in contrast, a
significant reduction in nucleosome positioning at the 601
sequence was observed (Figure 6C, right panel). Taken
together, our results indicate that chromatin-remodeling
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Figure 4. NELF-dependent promoter-proximal pausing induced by +1
nucleosome positioning. (A) RNAPII ChIP analysis of c-Myc-C (upper
panel) and c-Myc-601F (bottom panel) genes under NELF-E knockdown
conditions. Total RPB1 ChIP was performed as described in Figure 2B.
(B) c-MycmRNA levels after NELF-E siRNA treatment analyzed by RT-
qPCR. Experiments and data analysis were carried out as described in
Figure 2D. (C) NELF-E ChIP assay in c-Myc-601F and c-Myc-C genes
as described in Figure 2B. Primer sequences are listed in Supplementary
Table S1. (A–C) Average and standard deviations from three independent
experiments are displayed (*P < 0.05; **P < 0.01, compared to control,
by student’s t-test).
Figure 5. Increased mRNA capping in the c-Myc-601F gene. (A) K-121
immunoselection of capped c-Myc RNA in the indicated cell lines. For
each IP reaction 2 g of total RNA were used. c-Myc RNA levels were
analyzed by RT-qPCR prior and subsequent to immunoselection. Primer
pairs c-Myc-532, c-Myc-2007,GAPDHand 28S (SupplementaryTable S1)
were utilyzed. IP efficiency was the result of the ratio between the data
obtained from immunoselected c-Myc or GAPDH RNAs and the total
levels of each RNA prior immunoprecipitation. c-Myc values were nor-
malized to GAPDH IP efficiency in each sample. (B) c-Myc pre-mRNA
(upper panel) and mRNA (lower panel) levels in the indicated conditions
were determined by RT-qPCR as described in Figure 2D. (A and B) Av-
erage signals and standard deviations from three independent experiments
are displayed (*P < 0.05; **P < 0.01, between the indicated samples by
student’s t-test). Primer sequences are listed in Supplementary Table S1.
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Figure 6. Decreased +1 nucleosome positioning under SNF2H shortage. (A) c-Myc-C and c-Myc-601FmRNA levels in the indicated conditions analyzed
by RT-qPCR. Values were normalized as in Figure 2D and c-Myc-C was set to 1. (B) RNAPII ChIP analysis of c-Myc-C (left panel) and c-Myc-601F
(right panel) constructs under SNF2H knockdown conditions. Total RPB1 ChIP was performed as described in Figure 2B by using N-20 antibody. (C)
Micrococcal nuclease mapping of promoter and 5′ region of the c-Myc-C (left panel) and c-Myc-601F (right panel) genes. Data were analyzed as described
in Figure 1B. siControl value at position c-Myc-601F+203 was set to 1. (A–C) Average signals and standard deviations from three independent experiments
are displayed (*P < 0.05; **P < 0.01, between the indicated samples by student’s t-test). Primer sequences are listed in Supplementary Table S1.
activity to strongly position the +1 nucleosome might be
an important factor to ensure RNAPII pausing in early
elongation.
DISCUSSION
The contribution of chromatin structure at the 5´-end of
genes in promoter-proximal pausing has been an important
subject of study in the last few years. Several data argue
against the nucleosome having an essential role in pausing:
the position of the +1 nucleosome in some highly paused
genes, such as the Drosophila Hsp70 gene, does not overlap
with promoter-proximal pausing site (8) andRNAPII paus-
ing occurs in vitro in the Drosophila Hsp70 gene in the ab-
sence of chromatin (46). It has also been shown that pausing
correlates with a low nucleosomal occupancy at promoters
and 5´-ends in fly (47). In contrast, there are evidences sug-
gesting a positive role of chromatin on pausing: chromatin
assembly strongly increases promoter-proximal pausing on
the humanHSP70 gene in vitro (48) and the +1 nucleosome
can be cross-linked to paused RNAPII in Drosophila (49).
Recent data have conciliated these two apparently contra-
dictory scenarios. Kwak et al. have reported that pausing
position in genes with strong promoter elements is incom-
patible with a role of +1 nucleosome in promoter-proximal
pausing, while genes with weaker promoter elements dis-
play a pausing position consistent with a role of +1 nucle-
osome in pausing (7). In addition, Li and Gilmour have
recently demonstrated the existence of two distinct mecha-
nisms of promoter proximal pausing in Drosophila (13,14).
Genes regulated by GAGA factor do not show a positioned
+1 nucleosome and therefore, pausing should be indepen-
dent of this nucleosome. This is the case of the Drosophila
Hsp70 gene. However, genes bound by theM1BP transcrip-
tion factor have a positioned +1 nucleosome and their de-
gree of pausing correlates positively with +1 nucleosome oc-
cupancy, supporting a role of this nucleosome in pausing.
In agreement with this last kind of genes, we show that in-
sertion of a sequence that strongly position a nucleosome
downstream of the pausing region increases occupancy of
transcriptionally active RNAPII at promoter-proximal re-
gion, concomitantly with a reduction in mRNA production
(Figures 2 and 3). Interestingly, we observe that the posi-
tioned nucleosome also increases the amount of NELF as-
sociated to the promoter region and that down-regulation
of NELF significantly decreases the nucleosome-induced
pause (Figure 4). This suggests that a positioned +1 nucleo-
some induces pausing through the same mechanisms oper-
ating in the absence of a positioned nucleosome. Depletion
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of NELF-E resulted in decreased levels of paused RNAPII
and increased levels of c-Myc expression. These data sug-
gest a negative role of NELF-E in gene expression and do
not support a general role of paused RNAPII in maintain-
ing a transcriptionally permissive nucleosomal configura-
tion at promoters (47). A context-dependent role of NELF
most probably explains this apparent discrepancy.
We have previously demonstrated that a positioned nucle-
osome at the 601 and 5S sequences promote RNAPII intra-
genic pause in vivo (16). Furthermore, genome-wide stud-
ies in Drosophila indicate that the +1 nucleosome consti-
tutes a stronger barrier for RNAPII than gene body nucle-
osomes (50). The transcription machinery has to integrate
many signals before proceeding to productive elongation
and the pause should help to have a window of opportu-
nity. We propose that the barrier created by the +1 nucle-
osome decreases elongation rate and provides the RNAPII
with more time for the recruitment of pausing factors, as
well as pre-mRNA processing factors. In fact, increasing
the pause with a strongly positioned nucleosome improves
pre-mRNAcapping (Figure 5), which implies that the pause
might be a way to ensure mRNA quality. In yeast, Rat1p
(XRN2) contributes to the quality control of mRNP 5′ end
via 5′-3′ RNA degradation of uncapped pre-mRNAs and
subsequent transcription termination (19). Our data sug-
gest that XRN2 can be also involved in this process in hu-
man cells.
ISWI chromatin-remodeling proteins use the energy of
ATP hydrolysis to catalyze nucleosome spacing and sliding
reactions (51). Several indications relate ISWI chromatin-
remodeling factors with +1 nucleosome positioning. InSac-
charomyces cerevisiae Isw2, one of the two ISWI subfamily
members is specifically enriched at nucleosome +1 region
(52) and helps positioning the +1 nucleosome in vivo (53). In
Drosophila, ISWI preferentially binds around 5´-end of the
genes with an average peak at about +300 bp after the TSS
(54). Importantly, loss of ISWI factors affects positioning
of +1 nucleosome both in yeast and Drosophila (52,54,55).
Our data indicate that positioning at 601 sequence is also
partially dependent on SNF2H, one of the two ISWI-like
factors in humans, and that SNF2Hmodulates the pause by
chromatin remodeling (Figure 6). This result is consistent
with a proposed function of SNF2H in repression of tran-
scription (56) probably through a mechanism implicated in
early elongation.
Our results demonstrate a role of the +1 nucleosome in
early elongation regulating transcription in order to im-
prove elongation factors recruitment and pre-mRNA pro-
cessing. Further investigation will be required to elucidate
if possible posttranslational modifications or histone vari-
ant composition affecting stability of this nucleosome can
modulate the release of paused polymerases.
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